Adoptive T cell therapy has emerged as a powerful strategy to treat human cancers especially haematological malignancies. Extension of these therapies to solid cancers remains a significant challenge especially in the context of defining immunological correlates of clinical responses. Here we describe results from a clinical study investigating autologous Epstein-Barr virus (EBV)-specific T cells generated using a novel AdE1-LMPpoly vector to treat patients with nasopharyngeal carcinoma (NPC) either preemptively in at-risk patients with no or minimal residual disease (N/MRD) or therapeutically in patients with active recurrent/metastatic disease (ARMD). Tolerability, safety and efficacy, including progressionfree survival (PFS) and overall survival (OS), were evaluated following adoptive T-cell immunotherapy. Twenty-nine patients, including 20 with ARMD and nine with N/MRD, successfully completed T-cell therapy. After a median follow-up of 18.5 months, the median PFS was 5.5 months (95% CI 2.1 to 9.0 months) and the median OS was 38.1 months (95% CI 17.2 months to not reached). Postimmunotherapy analyses revealed that disease stabilization in ARMD patients was significantly associated with the functional and phenotypic composition of in vitro-expanded T cell immunotherapy. These included a higher proportion of effector CD8 C T-cells and an increased number of EBV-specific T-cells with broader antigen specificity. These observations indicate that adoptive immunotherapy with AdE1-LMPpoly-expanded T cells stabilizes relapsed, refractory NPC without significant toxicity. Promising clinical outcomes in N/MRD patients further suggest a potential role for this approach as a consolidation treatment following first-line chemotherapy.
. Current estimates indicate that 80,000 new cases of EBV-associated NPC are diagnosed annually, with the highest incidence occurring in Southern China 2, 3 . Precision radiotherapy is recommended for early-stage NPC while concurrent chemoradiotherapy with or without adjunct chemotherapy is the mainstay of treatment for locoregionally advanced disease [4] [5] [6] . In addition, plasma EBV DNA is considered the most accurate predictive and prognostic biomarker of disease diagnosis, treatment response and prognostication [7] [8] [9] [10] [11] . Despite intensive treatment, 30-40% of patients still develop locoregional relapse or distant failure. Local salvage operation with or without post-operative radio/chemotherapy or a second-course of radiotherapy with or without chemotherapy can attain a locoregional control rate between 20 and 100% 12 . However, salvage treatment is associated with significant longterm treatment-related toxicities including brain necrosis, nasopharyngeal mucosal necrosis, palatal fistula and massive bleeding. Although palliative chemotherapy can offer median progressionfree survival (PFS) between 3 and 9 months for patients with recurrent or metastatic disease, the overall survival (OS) remains disappointing 13 . Novel therapeutic approaches are therefore required to reduce disease burden in these patients and ideally to pre-empt relapse in high-risk patients with no radiologically demonstrable disease, including those with substantial baseline and post-treatment levels of plasma EBV DNA [7] [8] [9] 14 . Although latent EBV infection is usually under the strict control of CD8 C cytotoxic T-lymphocytes in immunocompetent individuals, EBV-infected NPC cells are characterized by a restricted gene expression pattern, typically limited to EBV nuclear antigen (EBNA) 1, latent membrane protein (LMP) 1 and LMP2 15 . EBNA1 and LMP1&2 are subdominant antigens that induce low numbers of functionally constrained memory T-cells which may be readily more susceptible to tumor-mediated immune suppression 16, 17 . Immunotherapeutic approaches to improve the frequency and function of LMP/EBNA1-specific T-cells may therefore augment current treatment options for NPC [16] [17] [18] . We previously reported the preliminary outcome of a phase I study investigating the use of LMP1&2 and EBNA1-specific CTL immunotherapy generated using a novel adenoviral vector, AdE1-LMPpoly, in a cohort of palliative NPC patients with active refractory disease 19 . In the current study, we provide an extended analysis of a large cohort of NPC patients, including pre-emptive and therapeutic treatment of patients with no or minimal residual disease (N/MRD) and with active recurrent/ metastatic disease (ARMD) respectively. We demonstrate that AdE1-LMPpoly-based T-cell therapy was well tolerated in the majority of NPC patients with highly encouraging clinical responses in both pre-emptive and therapeutic settings. We further show how the phenotypic composition and antigen specificity of adoptively transferred T cells is associated with disease stabilization in ARMD patients.
Results

Patient characteristics
Fifty-two patients were enrolled in this study as shown in the CONSORT diagram (Fig 1) . Six patients were withdrawn prior to T-cell generation because of further PD after chemotherapy or secondary active infections. T-cell expansion was unsuccessful from 11 patients, due to either low specificity or poor yield. Another 5 patients were excluded from T-cell infusion because of persistent pneumonia (n D 3) or deteriorating ECOG performance status (2 or 3, n D 2). In total, 20 patients with ARMD and 9 patients with N/MRD received at least two doses of immunotherapy (range 2 to 6, median 4). The clinical characteristics of all patients who received adoptive T-cell therapy are shown in Table 1 and Data Supplement Table S1 . Patient 33 died after the administration of a single dose because of a lung abscess complicating aspiration pneumonia.
Functional and phenotypic properties of AdE1-LMPpoly expanded T-cells
AdE1-LMPpoly-expanded products comprised a median of 83.80% CD3 C T-cells (Fig 2A) . Of all mononuclear cells, 32.20% (median) were CD8 C T-cells and 27.70% (median) were CD4
C T-cells. NK cells comprised the majority of the remaining cells in the therapy. While the majority of patients had undetectable LMP1/2 and EBNA1-specific T cell ex vivo, twenty-three patients generated both LMP1/2-specific and EBNA1-specific T-cells post-expansion, 13 generated only LMP1/2-specific T-cells, 1 generated only EBNA1-specific Tcells, 6 failed to generate either LMP1/2-specific or EBNA1-specific T-cells, and 3 were not tested due to low cell numbers (Fig 2B & C) . Two patients failed to generate enough T cells for infusion despite the presence of antigen-specific T cells. The majority of LMP/EBNA1 MHC-multimer C CD8 C T-cells displayed either a central memory (TCM) or an effector memory (TEM) phenotype (Fig 2D) . Most of these cells mobilized CD107a and expressed interferon (IFN)-g and tumor necrosis factor (TNF) in response to antigen; a large proportion also coexpressed interleukin (IL)-2 (Fig. 3A) . This polyfunctional profile was associated with high expression levels of the cytolytic enzymes granzyme B, granzyme K and perforin in LMP/ EBNA1 MHC-multimer C CD8 C T-cells (Fig. 3B) . The checkpoint molecules PD-1, CTLA-4, LAG-3 and TIM-3 were also expressed on AdE1-LMPpoly-expanded LMP/EBNA1 MHCmultimer C CD8 C T-cells (Fig. 3C ). Univariable and multivariable analyses revealed that successful T-cell expansion was significantly correlated with age <55 years (P D .035), baseline white cell count before T-cell harvest (P D .015) and patients with N/MRD (P D .020) (Data Supplement Table S2 ).
Safety evaluation
A total of 30 patients had at least 1 T-cell infusion and were included in the safety evaluation. None of these patients showed treatment-related grade 4 or grade 5 adverse events ( Table 2 ). The majority of adverse events that could feasibly be attributed to T-cell infusion were classified as grade 1 or grade 2. These events were self-limiting and subsided spontaneously on the day after T-cell infusion without additional intervention. Two serious adverse events were recorded, possibly but not directly related to T-cell therapy. Independent review of the radiological, pathological and microbiological features associated with these cases showed that both patients had progressive tumor necrosis. This was potentially due to T-cell-induced inflammation and cytotoxicity but was more likely associated with complications of prior treatment for locally recurrent NPC. There was no evidence of microbial contamination in the AdE1-LMPpoly-expanded products.
Clinical outcome of T-cell therapy in ARMD and N/MRD patients
The median overall PFS of NPC patients who completed T-cell therapy was 5.5 months (95% CI 2.1 to 9.0 months), and the corresponding 1-year and 2-year PFS rates were 29.4% and 21.5%, respectively ( Fig 4A) . The median overall survival (OS) of NPC patients who completed T-cell therapy was 38.1 months (95% CI 17.2 months to not reached), and the corresponding 1-year and 2-year OS rates were 72.4% and 41.3%, respectively. The disease control rate in the ARMD group was 60% (12 of 20 patients had stable disease following adoptive therapy). None of the ARMD patients developed a radiologically confirmed complete or partial response. Six N/MRD patients maintained a continuous molecular and radiographic complete response and were censored for progression analysis. One N/MRD patient developed PD, and another 2 N/MRD patients were initially stable and then progressed. The median PFS was significantly longer for N/MRD patients (not reached) compared with ARMD patients (3.2 months, 95% CI 0.4 to 3.7 months, P < .001) (Fig 4B) . Univariable and multivariable analyses revealed that N/MRD status (hazard ratio, 95% CI 0.03 to 0.42, P D .002, Table S3 ) was an independent prognostic factor for PFS. Furthermore, the median OS was significantly longer for N/MRD patients (not reached, range 21 to 76.5 months) compared with ARMD patients (15.7 months, range 4.1 to 57.8 months, P < .001) (Fig. 4C ). Eight N/MRD patients (88.9%) were alive at the conclusion of the study. Ten patients in the ARMD group and 3 patients in the N/MRD group received post-T-cell infusion chemotherapy. As reported previously, patient 11 developed significant tumor shrinkage and an excellent partial response to paclitaxel salvage chemotherapy following the administration of AdE1-LMPpoly-expanded T-cells. 
AdE1-LMPpoly-generated T-cell correlates of clinical response
The identification of immune correlates that predict disease control remains a significant challenge, especially in the field of solid tumors. Quantitative analysis of circulating LMP/EBNA1-specific T-cell responses in ARMD patients following adoptive immunotherapy revealed no significant correlations with outcome (data not shown). To explore other correlates we compared survival, and T cell phenotype and specificity in ARMD patients who had SD or PD. ARMD patients with SD had a median PFS of 5.5 months and OS of 18 months, while ARMD patients with PD had a median PFS of 1 month and OS of 13.5 months. We noted that the proportion of CD8 C T-cells in the administered AdE1-LMPpoly-expanded product was significantly lower for ARMD patients with PD compared with ARMD patients with SD ( Fig 5A) . Interestingly, both ARMD patients with SD and N/MRD patients showed a comparable proportion of CD8 C T cells. Similarly, we noted that ARMD patients with SD and N/MRD patients received a significantly higher number of LMP/EBNA1-specific T-cells compared with ARMD patients with PD ( Fig 5B) . The AdE1-LMPpolyexpanded products from ARMD patients with SD and N/MRD patients were also more likely to contain T-cells that recognized both LMP1&2 and EBNA1 compared with those from ARMD patients with PD ( Fig 5C) . We also assessed the functional and phenotypic attributes of the CD8 C T-cells administered to ARMD patients. Although not significant, we found that disease stabilization was associated with a trend towards increased numbers of effector CD8
C T-cells (Fig 5D) . A similar trend C T-cells were determined by measuring the surface expression of CCR7, CD45RA, CD27, CD28 and CD57. T-cell phenotype was determined as follows: Na€ ıve (T N ) CD45RA
between groups was observed for CD8 C T-cells expressing checkpoint molecules, most notably CTLA-4 ( Fig 5E) . There was no correlation between either pre-treatment or post-treatment plasma EBV DNA load and PFS in patients with ARMD (data not shown). Collectively, these analyses suggest that qualitative aspects of the T-cell infusate may influence immunotherapeutic outcomes in patients with NPC.
Discussion
NPC remains a significant problem in endemic regions of Southeast Asia. However, the defined association with EBV infection provides a platform to develop virus-specific therapeutic approaches [20] [21] [22] [23] [24] [25] . In this study, we explored the use of an adoptive cellular therapy targeting the LMP1&2 and EBNA1 antigens expressed in NPC. The AdE1-LMPpoly vector rapidly expanded T-cells with improved functional and cytolytic potential compared with EBV-specific T-cells manufactured previously using a different approach based on stimulation with lymphoblastoid cell lines (LCLs) stimulation 26 . These autologous AdE1-LMPpolyexpanded T cells were associated predominantly with self-limiting grade 1 and grade 2 adverse events in NPC patients. Lung abscesses were recorded as grade 3 events in 2 of 30 patients, but most likely represented complications of prior treatment for locally recurrent NPC. Clinical benefit was also observed after the adminstration of AdE1-LMPpoly-expanded T-cells, objectified by disease stabilization in ARMD patients and remarkably long (not yet defined) PFS and OS in N/MRD patients. The AdE1-LMPpoly vector was designed to promote the optimal expansion of LMP/EBNA1-specific T-cells from low frequency precursors 17, 28 . Consistent with our previous observations, LMP/ EBNA1-specific T-cells could be generated from the majority of NPC patients. This contrasts with the use of EBV-transformed LCLs, which stimulate detectable LMP-specific T-cells in only half of all cellular products 21,24,28, . Recent studies using LCL-generated products have shown the potential benefit of LMP-specific T-cells in the treatment of NPC. Objective clinical responses including both complete and partial responses have been detected in patients following T cell therapy and the presence of LMP2-specific T cells has been associated with improved clinical responses when T cells were delivered as a consolidative treatment to standard chemotherapy 24, 26, 28 . While differences in patient cohorts may account for differences in responses in the current study and previous studies, the capacity to optimise LMP/EBNA1-specific T-cell numbers with the AdE1-LMPpoly vector should provide a platform to further improve clinical outcome in NPC patients. In line with this possibility, we found evidence for an association between disease stabilization and the number of LMP/EBNA1-specific T-cells administered to ARMD patients. Future optimization of LMP/ EBNA-1-specific T-cell frequencies, potentially via the use of allogeneic "off-the-shelf" products, may further enhance the quality and efficacy of adoptive T-cell therapies [29] [30] [31] . One approach that could potentially improve the therapeutic benefit of adoptive immunotherapy in NPC patients is its application in patients with minimal residual disease who are at a high risk of relapse. Recent observations have shown that patients with residual plasma EBV DNA titers after standard radio/chemotherapy are at much higher risk of relapse 32, 33 . In the current study, we found that LMP/EBNA1-specific T-cells were generated more consistently from N/MRD patients. Early intervention may therefore promote greater T-cell expansions compared with identical approaches in highly pre-treated patients with refractory disease. This notion is supported by the observation that plasma EBV DNA was undetectable at baseline in the present cohort of N/MRD patients.
Significant functional and phenotypic differences were apparent in the cellular products generated from NPC patients following AdE1-LMPpoly-based T-cell stimulation. Furthermore, we detected associations between disease stabilization and the number of LMP/EBNA1-specific T-cells, the proportion of CD8 C T-cells and the expression of effector molecules in the adoptively transferred infusate. Checkpoint molecules were also upregulated on the expanded LMP/EBNA1-specific T-cells. Although the role of immunoregulatory molecules has not been fully elucidated in this setting, clinical observations suggest that PD-L1 is expressed on NPC cells and may be associated with poor . Given the observed expression of PD-1 on the majority of LMP/EBNA1-specific T-cells, these findings suggest that PD-1:PD-L1 blockade could potentiate the efficacy of EBV-specific immunotherapy in NPC patients 35 .
In conclusion, the current study demonstrates that adoptive immunotherapy with AdE1-LMPpoly-stimulated T-cells is well tolerated in ARMD and N/MRD patients. Our results have also paved the way for an ongoing phase I/II study investigating the safety and efficacy of adoptive T-cell transfer as consolidation therapy in patients with minimal residual disease following first-line chemotherapy for metastatic NPC (ACTRN126130 00866707).
Materials and methods
Patient recruitment
This prospective study was conducted according to the principles of the Declaration of Helsinki and approved by the QIMR Berghofer Medical Research Institute Human Research Ethics Committee, the Institutional Review Board of The University of Hong Kong/Hospital Authority Hong Kong West Cluster and the Metro South Human Research Ethics Committee before commencement. This study was registered under the Australia New Zealand Clinical Trial Registry (ACTRN12609000675224). Two cohorts of NPC patients were recruited from January 2008 to December 2015. The first cohort included 41 ARMD patients with histologically and/or radiologically confirmed local, regional or distant relapse of NPC after primary radical radiotherapy/chemoradiotherapy. Most of these patients had been treated with at least one line of palliative chemotherapy and/or surgery. The second cohort of 11 N/MRD patients received adoptive T-cell therapy while in disease remission after primary treatment or successful salvage treatment for locoregional recurrence or oligometastasis. Written informed consent was obtained in all cases. Baseline staging investigations included magnetic resonance imaging with T1, T2 and T1-gadolinum enhanced sequences of the head and neck or computed tomography (CT) scans with contrast of the head and neck, chest and abdomen before peripheral blood Tcell harvest, therapy manufacture, and infusion. Plasma EBV DNA was also measured at baseline. Disease stage at initial diagnosis was classified according to the American Joint Committee on Cancer staging manual 7th edition.
Manufacture and adoptive transfer of LMP/EBNA1-specific T-cells
The clinical grade AdE1-LMPpoly vector used in this study has been described previously 19 . The AdE1-LMpoly vector contains a polyepitope of 16 HLA-restricted LMP1&2 epitopes fused to a truncated gly/ala deleted EBNA1 gene 36 . To generate LMP/ EBNA1-specific T-cells, peripheral blood mononuclear cells (PBMCs) were first harvested from 100-300 mL of venous blood. The AdE1-LMPpoly vector was then used to infect 30% of the PBMCs (MOI of 10:1), which were then irradiated and co-cultured with the remaining PBMCs for two weeks. Cultures were supplemented with fresh growth medium and 120 IU/mL of recombinant IL-2 every 3-4 days (Komtur Pharmaceuticals).
Expanded T-cells were tested for antigen specificity and microbial contamination prior to release for infusion. A summary of the number of infusions and the absolute number of transferred T-cells is shown in Table 1 and Table S1 .
Intracellular cytokine assay
For analysis of LMP1&2-specific and EBNA1-specific T-cell frequencies, AdE1-LMPpoly-expanded products were stimulated for 4 hours in the presence of GolgiPlug (BD Biosciences) with a pool of defined epitopes from LMP1&2 or EBNA1 or with an overlapping set of peptides encompassing the whole EBNA1 protein (all from Mimotopes, GenScript or JPT Technologies), and then assessed for the intracellular production of IFN-g. For multiparametric analysis, cells were stimulated for 4 hours in the presence of GolgiPlug and GolgiStop (BD Biosciences) with the peptides listed above and anti-CD107a-FITC (BD Biosciences). Cells were then washed and stained with anti-CD8-PerCPCy5.5 (eBioscience) and anti-CD4-PECy7 (BD Biosciences), fixed and permeabilised with Cytofix/Cytoperm (BD Biosciences), washed again and stained with anti-IFNg-AF700, anti-IL-2-PE and anti-TNF-APC (all from BD Biosciences). After a further wash, cells were resuspended in PBS and acquired using a BD LSR Fortessa with FACSDiva software (BD Biosciences). Post-acquisition and Boolean analysis was performed using FlowJo software (TreeStar).
Polychromatic profiling of T-cell phenotype
T-cells were incubated for 20 minutes at 4 C with APClabelled MHC class I multimers specific for the HLA-A11-restricted epitope SSCSSCPLSKI (LMP2A), the HLA-A24-restricted epitope TYGPVFMCL (LMP2A) or the HLA-Cw03-restricted epitope FVYGGSKTSL (EBNA1). For assessment of surface phenotype, cells were then incubated for a further 30 minutes at 4 C with the following antibody panels: (i) anti-CD3-AF700, anti-CD4-PECy7 and anti-CD8-V500; (ii) anti-CD4-AF700, anti-CD8-V500, anti-CD14-eFluor450, anti-CD19-eFluor450 and anti-CD56-PECy7; (iii) anti-CD4-PECy7, anti-CD8-V500, anti-CD27-PE, anti-CD28-PerCPCy5.5, anti-CD45RA-FITC, anti-CCR7-AF700 and anti-CD57-biotin followed by steptavidin conjugated to Cascade Yellow; or (iv) anti-CD4-PECy7, anti-CD8-V500, anti-TIM-3-PE, anti-LAG-3-FITC and anti-PD-1-BV786. For intracellular analysis, cells were treated with TF Fixation/Permeabilization buffer (BD Biosciences) and then stained in the presence Perm/Wash with the following antibodies: (i) antiperforin-BV421, anti-granzyme B-AF700 and anti-granzyme K-FITC; or (ii) anti-CTLA-4-BV421. Cells were acquired using a BD LSR Fortessa with FACSDiva software (BD Biosciences) and post-acquisition analysis was performed using FlowJo software (TreeStar).
Clinical response evaluation
Patients with successful T-cell expansion and satisfactory Eastern Cooperative Oncology Group (ECOG) performance status (0 or 1) received a minimum of 2 infusions at fortnightly intervals and a total dose of between 4.9 £ 10 7 and 2.4 £ 10 8
AdE1-LMPpoly-expanded T-cells. One patient who received a single T-cell infusion was included only in the safety analysis. Patients were monitored fortnightly for tolerability and safety. MRI with T1, T2 and T1-gadolinum-enhanced sequence or CT scans with contrast of the head and neck were performed at 1, 2, 3, 4 and 6 months after first T-cell infusion and then every 3 months until progressive disease (PD), as we previously described. 19 Surveillance CT scans with contrast of the thorax and abdomen were also performed every 3 months until PD. Acute and long-term toxicities were graded according to version 3.0 of the Common Terminology Criteria for Adverse Events (CTCAE). 37 Best objective responses were determined according to version 1.1 of the Response Evaluation Criteria in Solid Tumors (RECIST). 38 
Statistical analysis
PFS was calculated from the date of first T-cell infusion to the date of radiologically documented PD or the date of death. Patients who were alive and without PD were censored at their last follow-up. Mann-Whitney U tests were used to compare means between groups when there was evidence of deviation from normality assumptions. Log-rank tests were employed for subgroup comparisons of PFS. Binary logistic regressions with univariable and multivariable analyses were performed for factors correlated with successful T-cell expansion. Cox proportional hazard models with univariable and multivariable analyses were performed for prognostic factors of PFS. Data for plasma EBV DNA titers were log-transformed and analyzed on the log scale longitudinally. Time-dependent covariate Cox models were applied when considering the effect of log plasma EBV DNA titers and fold change in plasma EBV DNA levels from baseline. Statistical significance was defined as P < .05 (two-sided), and adjustment for multiple comparisons among group means was based on the Sidak method. All statistical analyses were performed using Prism 6 Software (GraphPad), Stata 13 (StataCorp LP), and Statistical Package for Social Sciences (SPSS) version 23.
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